Study Objectives: To explore interactions between cerebral cortical and autonomic functions across sleep cycles.
INTRODUCTION

SINCE ELECTROENCEPHALOGRAM (EEG) WAS DISCOVERED, IT HAS BECOME AN IMPORTANT TOOL FOR STUDYING THE CEREBRAL
FUNCTIONS. Although the use of functional imaging has risen in recent years, the real-time capability of EEG reflecting the function of the cerebral cortex can still not be replaced. On the other hand, the development of heart rate variability (HRV) analysis has opened a window for the non-invasive exploration of the autonomic functions in real time. 1, 2 Thus the integrative analysis of EEG and HRV offers an opportunity to study interactions between cerebral cortical and autonomic functions, which are often related to supratentorial and infratentorial structures, respectively.
Interactions between cerebral cortical and autonomic functions during sleep have attracted particular attention. For instance, Snyder and colleagues investigated the changes of respiration, blood pressure, and heart rate across sleep cycles in the 1960s. 3 Later studies demonstrated that autonomic nervous functions vigorously change with the state of sleep. 4, 5 In clinical medicine, it has been hypothesized that sleep-state dependent fluctuations in autonomic nervous system activity may trigger the onset of major cardiovascular events, such as myocardial infarction, ventricular tachyarrhythmias, and even sudden cardiac death. 6 Strokes occurring during sleep were found to be severer than those with onset while awake. 7 The detailed pathogenesis underlying these sleep-related cardiovascular problems, however, remains unclear and warrants further investigation.
Previous studies from our laboratory demonstrated a methodology based on frequency domain analysis to study the interaction of EEG slow waves and HRV during quiet sleep (QS) in both humans 8 and rats. 9 This method showed that sleep depth was 4 negatively correlated with sympathetic nervous functions but was not significantly correlated with parasympathetic nervous functions. After those studies, we discovered that such an analysis could be applied not only to the study of QS alone but to combined research on active waking (AW), QS, and paradoxical sleep (PS). Therefore, in this study, we modified the method and developed a complete EEG slow wave-HRV scatterplot analysis to represent interactions between cerebral cortical and autonomic functions across AW, QS, and PS in a single image.
MATERIALS AND METHODS
Preparation of Animals
Experiments were carried out on adult male Wistar-Kyoto rats (n=10). They were raised in a sound-attenuated room with a 12:12-hour light-dark cycle (06:00-18:00 lights on) and with appropriate temperature (22 ± 2 °C) and humidity (40%-70%) control. The detailed surgical procedure for electrode implantation was described previously. 10 At the time of electrode implantation, rats were 8 to 10 weeks old. Under pentobarbital anesthesia (50 mg/kg, i.p.), each rat was placed in a standard stereotaxic apparatus where electrodes for a parietal EEG, nuchal electromyogram (EMG), and electrocardiogram (ECG) were implanted. After surgery, the rats were given antibiotics (chlortetracycline) and individually housed in cages for recovery. One week after surgery, animals were placed in individual clear acrylic chambers so that their behaviors could be observed and recorded with a video camera. To allow the rats to habituate to the experimental apparatus, each animal was placed in the recording environment at least two times (1 h/day) prior to testing. On the day of the recording, a 30-min period was allowed for the rat to become familiar with the chamber. Then both electrophysiologic and video signals were simultaneously recorded for 6 hour (10:30-5 16:30) in a sound-attenuated room.
Data Acquisition and Storage
EEG, EMG, and ECG signals were amplified 10000-fold, but with different selections for filter bandwidths. The EEG was filtered with 0.3-70 Hz, the EMG with 100-500 Hz, and the ECG with 10-100 Hz. 9, 10 These bioelectric signals were relayed to a 12-bit analog-digital converter (PCL-818L, Advantech, Taiwan) connected to an IBM PC-compatible computer. EEG, EMG, and ECG signals were synchronously digitized but at different sampling rates (256, 1024, and 1024 Hz, respectively). The acquired data were analyzed on-line but were simultaneously stored on a hard disk for subsequent off-line verification.
Digital Signal Processing
The recorded signals were subjected to the following analysis. Digital signal processing of the bioelectric signals was similar to that used in our previous studies. 8, 9 The computer program was written in Pascal (Borland Pascal 7.0, Borland).
Preprocessing of the ECG signals was designed according to the recommended procedures 1 as detailed in our previous investigation. 9, 11 In brief, the computer algorithm identified each QRS complex and rejected each ventricular premature complex or noise according to its likelihood in a standard QRS template. Stationary R-R intervals (RR) were resampled and interpolated at a rate of 64 Hz to provide continuity in the time domain. The sampling rate of EEG signals was also reduced to 64 Hz.
Power Spectral Analysis
The EEG and RR signals to be analyzed were truncated into successive 16-s (1024 points) time segments (windows or epochs) with 50% overlapping. A Hamming 6 window was applied to each time segment to attenuate the leakage effect. 12 Our algorithm then estimated the power density of the spectral components based on fast Fourier transform (FFT). The resulting power spectrum was corrected for attenuation resulting from sampling and application of the Hamming window. 11 The EMG signals to be analyzed were truncated into successive 2-s (2048 points) time segments without overlap. They then underwent FFT after application of the Hamming window. Eight successive EMG spectra (a total of 16 s) were averaged to achieve synchronization between the EEG and RR spectra.
For each 16-s time segment, low-frequency power (LF, 0.06-0.6 Hz), and highfrequency power (HF, 0.6-2.4 Hz) of the RR spectrogram; 9,13 the slow-wave (delta wave) power (0.5-4 Hz) of the EEG spectrogram; 9,10 and the power of the EMG spectrogram (200-500 Hz) were quantified by the method of integration, i.e., calculation of the area of the power spectral density between 2 specified frequencies. The LF to HF ratio (LF/HF) was also calculated. 1 We especially quantified the mean power frequency (MPF) of the EEG spectrogram 14 using the following equation:
where f is any given frequency, f o is the lower cutoff frequency, f c is the upper cutoff frequency, and PSD(f) is the power spectral density of a given frequency.
Sleep Pattern Analysis
For each time segment, we defined its sleep stage as AW if the corresponding MPF was greater than the threshold of MPF (T MPF ) and the EMG power was greater than the 
Statistical Analysis
HF and LF/HF of the RR spectrogram, and slow-wave power of the EEG spectrogram were quantified. These parameters were logarithmically transformed to correct for the skewness of the distribution. 11 Correlation between two parameters was assessed using linear regression analysis. Effects of the three sleep-wake states (AW, QS, and PS) on these HRV parameters were assessed using one-way analysis of variance (ANOVA). When indicated by a significant F statistic, regional differences were isolated using post hoc comparisons with Fisher's least significant difference test.
Statistical significance was assumed for P<0.05. Values are expressed as mean ± SEM.
RESULTS
Cyclic changes in EEG spectra were noted during sleep (Figure 1 ). Parallel changes in RR and RR spectra were also noteworthy. The EEG slow wave-RR scatterplot of a 6-hour recording revealed an uneven pattern of distribution (Figure 2A ), but like a propeller. Group analysis of the scatterplots from 10 rats revealed that the AW data were concentrated in the left lower corner, the PS data in the left upper corner, and the QS data in the right middle corner ( Figure 3A) . A similar pattern was noted in the EEG slow wave-HF scatterplot ( Figure 2B and 3B) . The EEG slow wave-LF/HF scatterplot revealed a distinct pattern ( Figure 2C and 3C) , where AW data were in the left upper corner, PS in the left middle, and QS in the right lower corner.
Relationships between the EEG slow wave and each of the HRV parameters were 8 complex when 6 hour of data were mixed together (Figure 2 ). The correlation coefficients between the EEG slow wave and each of the RR and HF were very low and could not be discriminated from zero ( Figure 5, Total) . If the data were classified into AW, PS, and QS (Figure 4) , however, a simpler relationship was revealed. A significant correlation coefficient could be identified between the EEG slow wave and specific HRV parameters during specific sleep conditions. For example, the correlation coefficient of EEG slow wave-RR interval coupling was significantly negative in PS but positive in QS (Figure 4 and 5) . The correlation coefficients of EEG slow wave-HF coupling and of EEG slow wave-LF/HF coupling were also significantly negative in PS and QS, respectively. Although statistical analysis also revealed a significant correlation of EEG slow wave-HF coupling and of EEG slow wave-LF/HF coupling respectively in QS and PS, their coefficients of determinant were relatively weak ( Figure 5 ). During AW, however, the correlation between the EEG slow wave and each of the HRV parameters was very weak, and could not be discriminated from zero ( Figure 5 ).
DISCUSSION
In this study, we integrated the EEG and HRV techniques in order to explore interactions between cerebral and autonomic functions across sleep cycles. The standard procedure of HRV analysis was defined in 1996 by a task force of the European Cardiology Society and North American Society of Pacing and Electrophysiology. 1 Integrating multi-signal analysis with HRV is considered an important path of future development, 1 but its implementation is still a great challenge. In previous studies, we developed an automatic analytical procedure of HRV along with frequency domain analysis of EEG and 2D-imaging techniques. The methodology became the EEG slow wave-HRV scatterplot in this study, which uses a 2D image to illustrate active variations 9 in an individual's EEG and HRV across AW, QS, and PS. We found in WKY that the EEG slow wave-RR interval scatterplot looks like a propeller, and that the relationships of EEG and RR intervals are unique in each of the AW, QS, and PS states. Furthermore, HRV analyses, such as HF and LF/HF, may offer mechanistic explanations for the unique relationships between cerebral cortical and autonomic functions in AW, QS, and PS.
The methodology described in this communication is based on frequency domain analysis of multiple physiological signals. We were able to quantify the slow wave of EEG using a micro-computer to collect physiological signals and perform fast Fourier transform. At the same time, we adopted a newly developed technique of automatic frequency domain analysis of heart rate variability 9, 11 to overcome the most annoying contribute to bradycardia during QS and PS. The former was related to sympathetic suppression, whereas the latter was related to parasympathetic excitation. These suppression and excitation of the nervous functions also matched the current perceptions of QS and PS, respectively. During AW, the EEG slow wave was independent of RR, HF, and LF/HF, which indicates that the involvement of autonomic function in controlling heart rate is quite complicated and multifactorial, and that the determinant of the EEG slow wave to HRV is relatively weak. In addition, it is also noteworthy that in addition to eye movement and atony, ANS functions vary extremely during PS as well.
In this study, we demonstrate that a single 2D image may express the unique interactions between cerebral cortical and autonomic functions across AW, QS, and PS. 
